1. Introduction {#s0005}
===============

Doxorubicin (DOX) is a cytotoxic anthracycline antibiotic originally isolated from *Streptomyces peucetius* var*. caesius* and has been used for more than three decades in the treatment of several malignancies. To the best of our knowledge, DOX is not included as a treatment option for colorectal cancer ([@b0035], [@b0085], [@b0110]). This was attributed to the abundance of multidrug resistance and the expression of P-gp pump on most of the colorectal cancer cell lines ([@b0125]). Despite considering the cellular pharmacokinetics of DOX as potential factor of resistance ([@b0005], [@b0030]), multicellular resistance and avascular tissue penetration/distribution was obscured ([@b0120], [@b0140]).

In contrast to plasma pharmacokinetics, intratumoral pharmacokinetics of DOX determines its spatial anti-tumoral activity. Yet, several drug delivery systems (DDS) and administration routes have been proposed for DOX to improve its tumoral delivery and decrease its distribution to normal non-tumoral tissues ([@b0040], [@b0070], [@b0160]). Most of the pharmacokinetics modules study DOX distribution till the point of enhanced permeation and retention (EPR) and/or total intratumoral distribution/accumulation relative to normal tissues ([@b0010]). As a matter of fact, it is quite complicated to study the spatial avascular distribution of anticancer drug *in-vivo* ([@b0050], [@b0065]). On the other hand, three dimensional culture models, such as multicellular layers (MCL), for solid tumors present optimum experimental platform for studying avascular pharmacokinetic parameters simulating the post-EPR micromilieu *in-situ* ([@b0025], [@b0020]).

Studying the penetration of many anticancer drugs including DOX through MCL model has been repeatedly reported in the literature ([@b0020], [@b0080], [@b0100]). In addition, studying the avascular distribution of anticancer drugs within MCL model might imply new insights for understanding intratumoral pharmacokinetic parameters with realistic clinical implications. To the best of our knowledge, none of the previous studies assessed actual spatial drug concentration within MCL model. Instead, arbitrary fluorescent units were correlated to relative distance within MCL structure ([@b0020], [@b0100]). This might be attributed to the difficulties in correlating microscopic derived signal (such as fluorescence intensity) and drug concentration *in-situ*.

Herein, we are presenting simplified mathematical method for the utilization of MCL solid tumor model in the spatial assessment for *in-situ* concentration mapping of a model drug (DOX) within avascular simulating condition.

2. Materials and methods {#s0010}
========================

2.1. Chemicals and reagents {#s0015}
---------------------------

Doxorubicin hydrochloride and daunorubicin hydrochloride (internal standard) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Calcein-AM was purchased from Molecular Probes (Eugene, OR, USA). Cell culture reagents were purchased from Lonza group Ltd. (Basel, Switzerland); microporous membrane transwell inserts were purchased from Corning Costar (Acton, MA, USA). Heptanesulfonic acid sodium salt (HPLC-grade) was purchased from TCI Co. Ltd. (Tokyo, Japan). Acetone, ZnSO~4~ and other reagents, including solvents, were of the highest analytical grade. Deionized water (18.2 MΩ, NANOpure diamond™, Brandstead water purification system, Fistreem International Co. Ltd. (Leicestershire, UK) was used throughout all HPLC analytical steps.

2.2. Cell culture {#s0020}
-----------------

The human colorectal cancer cell lines, DLD-1 and HT-29, and bladder cancer cell lines were obtained from the ATCC (Huston, TX, USA) and maintained in RPMI-1640 media supplemented with 100 μg/mL streptomycin, 100 units/mL penicillin and 10% heat-inactivated fetal bovine serum. Cell cultures were kept in a humidified, 5% (v/v) CO~2~ chamber at 37 °C.

2.3. Culture of cancer cells as multicellular layers (MCL) {#s0025}
----------------------------------------------------------

MCL of cancer cells were grown as previously described \[15\]. Briefly, cells were grown on collagen-coated microporous membranes in Transwell inserts at a plating density of 1 × 10^6^ cells/insert. The inserts were placed in a culture jar supplemented with suitable amount of media with continuous stirring in the bottom chamber. After 5 days of culture (MCL thickness of \~150 μm), each Transwell (n = 6) insert was transferred and assembled via size adaptor in a six-well plate containing 7 mL of media in the bottom of each well for subsequent drug and calcein-AM exposure. The culture jars as well as six-well plates were maintained in an incubator with a humidified atmosphere containing 5% CO~2~ at 37 °C during the experiment.

2.4. Cytotoxicity assays {#s0030}
------------------------

The cytotoxicity of DOX, was tested against DLD-1 and HT-29 cells by SRB assay as previously described \[19\]. Briefly, exponentially growing cells were harvested using 0.25% trypsin-EDTA and plated in 96-well plates at 2x10^3^ cells per well. Cells were exposed to DOX for 72 h and subsequently fixed with TCA (10%) for 1 h at 4 °C. After washings trice with distilled water, cells were exposed to 0.4% SRB solution for 10 min in dark place and subsequently washed with 1% glacial acetic acid. After drying overnight, tris-HCl (pH 7.4) was used to dissolve the SRB-stained cells and color intensity was measured at 540 nm using microplate reader ([@b0130]). Each concentration was repeated 6 times (n = 6) and the whole dose--response curve was replicated trice (n = 3)

2.5. Data analysis {#s0035}
------------------

The dose response curves of DOX were analyzed using E~max~ model (Eq. [(1)](#e0005){ref-type="disp-formula"}).$$\text{\textbackslash\%\ Cell\ viability} = \left( {\text{100} - \text{R}} \right) \times \left( {\text{1} - \frac{\left\lbrack \text{D} \right\rbrack^{\text{m}}}{{\text{K}_{\text{d}}}^{\text{m}} + \left\lbrack \text{D} \right\rbrack^{\text{m}}}} \right) + \text{R}$$Where R is the residual unaffected fraction (the resistance fraction), \[D\] is the drug concentration used, K~d~ is the drug concentration that produces a 50% reduction of the maximum inhibition rate and m is a Hill-type coefficient. IC~50~ was defined as the drug concentration required to reduce color intensity to 50% of that of the control (i.e., K~d~ = IC~50~ when R = 0 and E~max~ = 100-R) ([@b0020]).

2.6. Confocal microscopy {#s0040}
------------------------

The integrity and vitality of MCL (n = 6) were assessed using confocal microscopy after staining with calcein-AM. Briefly, at the end of the culture period, calcein-AM was applied to the top chamber of the MCL at a final concentration of 4 μM and the MCL were then incubated at 37 °C for 30 min. MCL's were cut out of the Transwell insert, placed on a cover slip top side down and examined using a confocal laser scanning microscope (MRC 1024 MP; Bio-Rad, Hercules, CA, USA). Optical sections were acquired at 10-μm increments along the z-axis of the sample. Fluorescent images were obtained at λ~Ex/Em~ = 488/517 nm and analyzed using Image-J ver. 1.47 (National Institute of Health, Bethesda, MD, USA).

2.7. Histological assessment for collagen and fibronectin contents within MCL {#s0045}
-----------------------------------------------------------------------------

To make sure of tissue formation within MCL cultures, collagen and fibronectin contents were assessed histologicaly and immunohistologicaly, respectively as previously described \[8\]. Briefly, paraformaldhyde fixed MCL's (n = 3) were embedded in paraffin wax. Cross vertical sections (5 µm) were obtained and after dewaxing and rehydration, sections were stained with Masson's trichrome stain for collagen visualization. Another set of cross vertical sections (5 µm) were obtained and after dewaxing and rehydration, sections were incubated with 3% H~2~O~2~ for 30 min to eliminate the endogenous peroxidase activity. Nonspecific binding sites were blocked with normal donkey serum for 30 min and then incubated for 2 h at humidified chamber in mouse antiserum against fibronectin (dilution 1:100; Chemicon international Inc., Temecula, CA, USA). After rinsing in PBS, sections were incubated in peroxidase-conjugated donkey anti-mouse IgG (dilution 1:200; Jackson ImmunoResearch Lab, Inc. West Grove, PA, USA) for 1 h. After washing, sections were incubated with a mixture of 0.05% 3,3′-diaminobenzidine containing 0.01% H~2~O~2~ at room temperature until a brown color was visible, and then washed with PBS, counterstained with hematoxylin, and mounted.

2.8. Fluorescent microscope signal calibration for DOX {#s0050}
------------------------------------------------------

To quantify DOX concentration within MCL after penetration, the microscopic acquired net fluorescent intensity (NFI) signals at λ~Ex/Em~ = 482/505 were calibrated against serial DOX concentrations as follow. After growth for 5 days, MCLs (n = 6) were cut out of the transwells and 20 µm thick cross-horizontal frozen sections were obtained and mounted on glass slides. Fixed volume (1 µl) drops of serial DOX concentrations were applied on the horizontal sections and let to dry. The average greater and lesser diameters of each drop were measured microscopically, and the surface area was calculated. DOX exposed tissue volumes were calculated based on the surface area of each drop and section thickness (20 µm) and subsequently tissue weight was calculated according to tumor tissue specific density. Average NFI was plotted against DOX concentration and fitted using power equation best fit curve. NFI was obtained by bright field lens; direct light pass; incident light exposure time 1/30 sec.; and sensitivity grade 2 (400 dpi). Samples with NFI above or below limit of detection was re-measured at different incident light exposure time after recalibration. Average NFI was driven from 6 different fields per drops and total drops n = 3 for each DOX concentration ([@b0160]).

2.9. Determining the avascular distribution of DOX using MCL model {#s0055}
------------------------------------------------------------------

To evaluate DOX avascular distribution kinetics, MCL's (n = 6) were exposed to DOX (100 μM) for a total of 96 h and fluorescent images of DOX within MCL structures were taken from cryosection at different time points as previously described ([@b0020]). Briefly, The MCLs were cut out of the Transwells and cross-vertical frozen sectioned (20 μm). A fluorescence microscope (AX70, TR-6A02; Olympus, Tokyo, Japan) was used to obtain fluorescent images at λ~Ex/Em~ = 482/505 nm. Line morphometric analysis of fluorescent intensities from the top to the bottom layers of each MCL was performed using Optimas image analysis software. Data were corrected for tissue auto-fluorescence by subtracting it from the corresponding measurements and plotted against the distance from the surface layer of each MCL.

2.10. HPLC analysis for total depth DOX penetration and post penetration metabolism {#s0060}
-----------------------------------------------------------------------------------

Calibration curves for DOX in conditioned media were conducted to measure DOX concentrations after penetrating the full depth of MCL's. One hundred microliters of conditioned media was spiked with DOX calibration standards (3.4 nM to 344.8 nM); and incubated at 37 °C for 15 min to allow protein binding equilibrium. For protein precipitation, samples were vortex-mixed with 250 µl acetone and 100 µl ZnSO4 (saturated solution) and re-incubated at 37 °C for another 15 min. The supernatant was obtained after centrifugation and subjected to evaporation under a weak stream of nitrogen gas at room temperature. The dried residue was completely dissolved in 100 µl mobile phase and introduced into the HPLC system for analysis.

The HPLC system consisted of solvent delivery pump model-306, 231XL auto-sampler, and spectrofluorometric detector model-122 (Gilson Corp., Middleton, WI, USA). Reversed phase separation was performed on Luna™ analytical column (150 × 4.6 mm, C8, 5 µm, Phenomenex, Torrance, CA, USA) at room temperature. The mobile phase was a mixture of acetonitril: heptanesulfonic acid (0.2%, pH 4) at a ratio of 25:75, and the flow rate was set at 1.2 mL/min. Detection was performed at λ~ex/em~ 482/550 nm. Peaks were recorded and integrated using UniPoint ver. 5.11 software (Gilson Corp., Middleton, WI, USA). Calibration curves were constructed using least squares regression method on the nominal concentration versus the peak height of DOX ([@b0015]). At least three calibration curves were constructed with coefficients of variation (CV %) less than 15% at all nominal calibration concentrations and less than 25% at the lower limit of quantification (LOQ).

2.11. Characterization of DOX and its metabolites {#s0065}
-------------------------------------------------

Samples were analyzed by Agilent 1200 HPLC system (Agilent Technologies, Germany) consisting of a solvent delivery module, a quaternary pump, an autosampler, and a column compartment. The column effluent was connected to an Agilent 6320 Ion Trap LC-ESI-MS. The control of the HPLC system and data processing were performed using ChemStation (Rev. B.01.03 SR2 (204)) and 6300 Series Ion Trap Control version 6.2 Build no. 62.24 (Bruker Daltonik GmbH). The analytes were separated using Nucleodur C18ec column (150 × 4.6 mm, 100--5 μm) (Macherey-Nagel, Duren, Germany). Mobile system; A; 80% water, 10% methanol, 10% isopropanol, 0.05% ammonia solution (g/v), B; 20 isopropanol, 80% acetonitrile. Elution was isocratic 0 to 17 min with 100%A, then gradient elution at 17 to 20 min, to 60%A and 40%B.

The LC-IT-MS^2^ spectrum of DOX and its metabolites are shown in [Fig. S1](#s0110){ref-type="sec"}. The fragmentation profile and product ions were matched with previous report ([@b0150]).

2.12. Statistical analysis {#s0070}
--------------------------

Data are presented as the mean ± SEM. One way analysis of variance (ANOVA) followed by post hoc turkey test was used to examine the statistical significance of the data using SPSS® for windows, version 17.0.0., where p \< 0.05 was considered statistically significant.

3. Results {#s0075}
==========

3.1. Antiproliferative effect of DOX against monolayer and multicellular cultures of colorectal cancer cell lines {#s0080}
-----------------------------------------------------------------------------------------------------------------

To simulate the intratumoral avascular micromilieu of solid tumor, two different colorectal cancer cell lines (DLD-1 and HT-29) were culture in three dimensional MCL culture as described in the methods section. MCL's of DLD-1 and HT-29 cells were cultured for 5 days to reach thickness of 144.8 ± 5.2 and 157.4 ± 3.4 µm, respectively ([Fig. 1](#f0005){ref-type="fig"}-E). DLD-1 and HT-29 cells within the avascular MCL structure were positive to calcein-AM staining and were found to be intervening in a tissue like structure ([Fig. 1](#f0005){ref-type="fig"}-A). This confirmed the viability of both cell lines within the avascular system of MCL. In addition and to confirm tissue formation, abundance of the extracellular matrix elements, collagen and fibronectin, was assessed histologically within the MCL's of both types of cells. Collagen within MCL's of both cell lines could not be visualized histologically after Masson's trichrome staining ([Fig. 1](#f0005){ref-type="fig"}-B). On the other hand, fibronectin was highly abundant in MCL's of both cell types ([Fig. 1](#f0005){ref-type="fig"}- C). MCL's of DLD-1 and HT-29 cells showed significant resistant to DOX compared to their monolayer culture. In MCL structure, the change in thickness was considered as indicator for the anti-proliferative effect of DOX (100 µM). In DLD-1, thickness of MCL's did not change significantly after 24 h of exposure to DOX. After 48 h thickness of the MCL decreased to 115.1 ± 5.5 µm and further decreased to 88.6 ± 6.5 µm after 96 h of exposure. In HT-29, thickness of MCL's decreased gradually to 141.3 ± 2.6 and 119.3 ± 4.7 µm after 24 and 48 h of exposure, respectively ([Fig. 1](#f0005){ref-type="fig"}-D). no further significant change in the thickness of HT-29 MCL's was detected until 96 h. Collectively, it took 96 h for DOX (100 µM) to decrease the thicknesses of DLD-1 and HT-29 MCL's by only 38.8% and 27.9%, respectively. On the other hand, the IC~50~'s (50% inhibition for proliferation) of DOX in monolayer cultures of DLD-1 and HT-29 cell lines were as low as 2.3 ± 0.6 µM and 0.6 ± 0.1 µM, respectively ([Fig. 1](#f0005){ref-type="fig"}-E).Fig. 1Characterization of DLD-1 and HT-29 cell lines cultured as MCL's. Viability of cells was assessed by the viability probe, calcein-AM; images were produced by optical laser sectioning from top to bottom layers at 20 µm increment along the z-axis (A). Abundance of the extracellular matrix components, collagen (B) and fibronectin (C) were checked by histochemical techniques. Thickness of MCL's of both cell lines was followed up microscopically after treatment with DOX (100 µM) for up to 96 h (D); and compared to dose response curve of DOX against monolayer culture of both cell lines (E).

3.2. Calibrating DOX concentration within MCL structure {#s0085}
-------------------------------------------------------

To calculate the exact concentration of DOX within the avascular solid tumor micromilieu simulated by MCL culture, serial concentrations of DOX were prepared per unit weight as described in the methods section and plotted against microscopically derived fluorescence intensities (NFI). Exposure of tissue to DOX induced increasing NFI in a concentration range of 1--100 µM (equivalent 3.4 to 440.4 nmole/gm tissue) ([Fig. 2](#f0010){ref-type="fig"}-A). The relationship between DOX concentration and NFI followed power function (Y = aX^b^) within the upper and lower limits of quantifications with R^2^ value of 0.8851. Exposure to DOX concentration higher than upper limit of quantification could not be assessed due to red fluorescence intensity saturation. Lower concentration than the lower limit of quantification could not be differentiated from tissue auto-fluorescence ([Fig. 2](#f0010){ref-type="fig"}-B). To extend the NFI with the range of quantification, time of incident fluorescent light was changed and recalibrated against the out-lying NFI values. The relationship between NFI and time of incident light was found to follow normal logarithmic relationship with R^2^ value of 0.9353 ([Fig. 2](#f0010){ref-type="fig"}-C). Both calibration curves were used later on to calculate DOX concentration within MCL cultures.Fig. 2Calibrating DOX concentration and microscopically derived fluorescent signal within MCL. Horizontal MCL sections (20 µm) of MCL were exposed to 1 µl of serial dilution of DOX concentration ([Fig. 2](#f0010){ref-type="fig"}-A). Diameter of DOX drop was calculated microscopically; DOX concentration per tissue mass was calculated and plotted against microscopically derived fluorescent intensity (NFI) at microscopic specifications: laser exposure 1/30 s; lens sensitivity 400 dpi ([Fig. 2](#f0010){ref-type="fig"}-B). NFI was further calibrated against different laser exposure times to expand the range of quantification ([Fig. 2](#f0010){ref-type="fig"}-C).

3.3. Assessment of the avascular distribution of DOX using MCL model of colorectal cancer cells {#s0090}
-----------------------------------------------------------------------------------------------

The avascular distribution of DOX was assessed within MCL of DLD-1 and HT-29 cell lines after exposure to 100 µM for up to 96 h ([Fig. 3](#f0015){ref-type="fig"}). NFI derived from MCL cross sections was converted into concentration units (based on the previously mentioned calibration curves) and plotted against the spatial position within MCL geometry. Distance across MCL culture was calculated from surface (top layer) to bottom layers (membrane support). DOX distribution was found slower through MCL of HT-29 compared to DLD-1 cells. Fluorescent signal of DOX was confined to the top layers of MCL's of both cell lines until 3 h post exposure. Afterward, DOX penetrated throughout the whole body of DLD-1 MCL and distributed homogenously after 24 h. while DOX did not manage to distribute evenly through the MCL of HT-29 before 96 h. Obvious tissue destruction was observed particularly to the top layers of DLD-1 MCL ([Fig. 3](#f0015){ref-type="fig"}-A). This might be attributed to the high concentration and longer exposure duration to DOX in these top layers. Quantitatively, DOX could not reach deeper than 120, and 90 µm within MCL's of DLD-1 and HT-29, respectively until 3 h post exposure. During the first 3 h of exposure, DOX concentration within the top layers of MCL's did not exceed 1 µmole/gm tissue. After 6 h, DOX could penetrate throughout the whole depth of MCL's of both cell lines. However, DOX distribution was two folds higher in the top layers (until 85 µm depth) compared to bottom layers of both cell lines. After 24 h, DOX homogenously distributed amongst the whole depth of DLD-1 MCL reaching maximum concentration of 1.6 µmole/gm tissue at spatial depth of 21 µm from surface. On the other hand, DOX could not homogenously distribute within the MCL of HT-29 and accumulated in a spatial depth from 17 to 65 µm constituting DOX concentration higher than 0.7 µmole/gm tissue. Spatial distribution of DOX in layers deeper than 85 µm of HT-29 MCL's was found in concentration lower than 0.2 µmole/gm tissue. Distribution of DOX within the MCL's of DLD-1 after 48 h of exposure was found similar to that after 24 h with slightly lower DOX concentration in all spatial regions of MCL's (DOX concentration did not exceed 0.9 µmole/gm tissue). Profile of DOX distribution after 48 h within the MCL's of HT-29 was similar to that after 24 h with slightly higher DOX concentration in spatially deep layers. After 96 h, DOX concentration was homogenously distributed throughout the whole depth of MCL's of both cell lines; however, in significantly lower concentration compared to the previous time point. DOX concentration did not exceed 0.7 and 0.4 µmole/gm tissue within all spatial positions within MCL's of DLD-1 and HT-29, respectively ([Fig. 3](#f0015){ref-type="fig"}-B). We can conclude that DOX penetrated faster through the MCL of DLD-1 and was eliminated faster from the MCL of HT-29.Fig. 3Distribution profile of DOX within MCL's of DLD-1 and HT-29. MCL's were exposed to 100 µM DOX for up to 96 h and snap-frozen immediately at specific time points and cryo-sectioned for fluorescent imaging ([Fig. 3](#f0015){ref-type="fig"}-A). Microscopically derived DOX-induced NFI was converted into concentration units and distribution profile was plotted against spatial position within MCL ([Fig. 3](#f0015){ref-type="fig"}-B).

3.4. Determination of the post MCL penetration concentration of DOX and its related metabolites {#s0095}
-----------------------------------------------------------------------------------------------

To measure DOX concentration after traversing the full depth of DLD-1 and HT-29 MCL's, aliquots from the bottom treatment chambers were withdrawn at different time intervals and assayed by HPLC DOX concentration. DOX peak appeared at retention time (RT) of 12 min. Two DOX metabolites, M1 and M2 appeared at RT's 7 and 10 min, respectively ([Fig. 4](#f0020){ref-type="fig"}-A). Calibration curves (n = 3) for DOX were conducted in conditioned RPMI-1640 media with linearity range from 3.4 nM to 344.8 nM ([Fig. 4](#f0020){ref-type="fig"}-B). DOX could not be detected on the other face of both cell lines' MCL's before 6 h of exposure. After 6 h, DOX manage to penetrate the full depth of both DLD-1 and HT-29 MCL's showing concentration in the bottom chamber of 8.8 ± 0.3 and 6.9 ± 0.2 nM, respectively. After 24 h of exposure, post-penetration DOX concentration kept increasing through MCL's of DLD-1 and HT-29 reaching to 21.2 ± 2.1 and 25.4 ± 1.2 nM, respectively. After 48 h, post-penetration concentration of DOX through HT-29 MCL increased significantly to 70.1 ± 8.5 nM compared to 28.7 ± 1.7 nM through the MCL of DLD-1. Post-penetration DOX concentration decreased significantly after 96 h of exposure only in case of HT-29 MCL to 42.6 ± 1.7 nM; while kept increasing after penetration through DLD-1 MCL to reach 34.8 ± 2.1 nM ([Fig. 4](#f0020){ref-type="fig"}-C). DOX metabolites, M1 and M2 were characterized by LC/MS and identified to be doxorubicinol and doxorubicinone. M1 appeared earlier (after 24 h of exposure) and substantially in a higher concentration after penetrating MCL of HT-29 compared to MCL of DLD-1 (after 48 h of exposure). Concentrations of M1 after penetration through MCL of HT-29 were 5.1 ± 0.4 nM, 19.0 ± 0.2 nM and 18.7 ± 1.6 nM after 24 h, 48 h and 96 h respectively. However, concentrations of M1 after penetrating MCL of DLD-1 were 2.3 ± 0.2 nM and 4.3 ± 0.1 nM after 48 h and 96 h, respectively ([Fig. 4](#f0020){ref-type="fig"}-D). In contrast to M1, M2 appeared earlier (after 6 h) and substantially in higher concentration after penetrating MCL of DLD-1 compared to MCL of HT-29 (after 24 h). Concentrations of M2 after penetration through MCL of DLD-1 were 13 ± 0.4 nM, 147.8 ± 2 nM, 284.9 ± 11.4 nM and 327 ± 23.3 nM after 6 h, 24 h, 48 h and 96 h respectively. However, concentrations of M2 after penetrating MCL of HT-29 were 51.4 ± 2.6 nM, 128.7 ± 19 nM and 96.8 ± 6.6 nM after 24 h, 48 h and 96 h, respectively ([Fig. 4](#f0020){ref-type="fig"}-E). Collectively, the abundance of M2 metabolite after DOX penetration through the MCL's of both DLD-1 and HT-29 was significantly higher than M1.Fig. 4Chromatographic assessment for DOX after penetrating the full thickness of DLD-1 and HT-29 MCL's. MCL's were exposed to DOX (100 µM) for up to 96 h; and samples from the bottom chamber were aliquoted and assayed for DOX and its major metabolites. Representative chromatograms for blank media, media spiked with DOX and media after 24 h treatment with DOX against MCL's of DLD-1 and HT-29 ([Fig. 4](#f0020){ref-type="fig"}-A). Calibration curve for DOX peak hight within conditioned media and used to calculate DOX concentration ([Fig. 4](#f0020){ref-type="fig"}-B). Concentration of DOX ([Fig. 4](#f0020){ref-type="fig"}-C), doxorubicinol ([Fig. 4](#f0020){ref-type="fig"}-D) and doxorubicinone ([Fig. 4](#f0020){ref-type="fig"}-E) were assayed in the bottom chamber after different time points of penetration.

4. Discussion {#s0100}
=============

Resistance to chemotherapeutics might be attributed to molecular events at the cellular ([@b0005]) and sub-cellular levels ([@b0115]) or pharmacokinetic reasons at the whole body or localized tumor tissue levels ([@b0105]). In contrast to classic pharmacokinetics, intratumoral pharmacokinetics draw more accurate portfolio for chemotherapeutic drug distribution *in-situ*. Deriving such intratumoral pharmacokinetic parameters using *in-vivo* models is very complicated and suffers from huge ambiguity ([@b0050]). Solid tumor microenvironment is considered avascular in nature; despite the high abundance of intratumoral blood vessels. This is attributed to the collapsed heterogeneous premature intratumoral vascular bed which is surrounded by crowded unorganized rapidly proliferating tumor parenchyma. Several three-dimensional culture techniques are suggested to simulate the intratumoral micro-environmental traits in terms of drug penetration, distribution and efficacy. Herein, we used multicellular layers model of two colorectal cancer cell lines (DLD-1 and HT-29) to simulate the avascular solid tumor microenvironment in order to bring up intratumoral pharmacokinetic parameters for a model drug (doxorubicin). This might help in understanding colorectal cancer resistance to doxorubicin at the tissue level from the intratumoral pharmacokinetics point of view.

Fully compact and viable MCL's were formed from both cell lines (DLD-1 and HT-29) as visualized by the viability stain calcein-AM. Despite the actual thickness of MCL's exceeded 120 µm; viability could not be assessed deeper than 100 µm due to tissue induced photonic attenuation. This was previously reported in four different cell lines (HT-1376, J-82, DLD-1 and HT-29); in addition, penetration problem was noticed for calcein-AM and particularly in the MCL of DLD-1 cell line ([@b0020]). This might explain the weaker fluorescent signal within the MCL of DLD-1 compared to HT-29. MCL's of both cell lines formed tissue-like structure with abundant extracellular matrix component. It is known that some tumor cells can produce their own extracellular component such as collagen and fibronectin without co-culturing with fibroblast. This strengthen the three dimensional skeleton of these cell lines and facilitate their MCL culture formation ([@b0140]). Optimally, tumor tissue organoids might be more realistic intratumoral pharmacokinetics simulating *in-vitro* model ([@b0060], [@b0155]). However, the irregular geometry of such model constitutes significant hurdle in front of mathematical modeling to derive pharmacokinetics parameters ([@b0090]). Both DLD-1 and HT-29 showed significantly higher resistance to DOX in MCL culture compared to the simplified monolayer culture. Interestingly, HT-29 cell line was more sensitive to DOX in monolayer culture while reciprocally, DLD-1 was more sensitive to DOX in MCL culture system. This differential response reflects the importance of the three-dimensional culture format in simulating the real solid tumor response *in-situ*. The differential response to chemotherapies of solid tumor cell line cultured in three dimensional versus monolayer culture system has been repeatedly mentioned in the literature ([@b0020]).

We and others believe that resistance to classic and modern anticancer drugs might be largely attributed to limited intratumoral pharmacokinetics and poor drug distribution ([@b0025], [@b0020], [@b0075], [@b0080], [@b0105], [@b0140]). Spatial distribution of drugs within solid tumor micromilieu was assessed in the vast majority of previous studies in arbitrary or relative units ([@b0025], [@b0020]). To the best of our knowledge, this is the first trial to portrait the avascular distribution of chemotherapeutic agents in real concentration units. In the current study, DOX was used as a proof of principle agent with known fluorescent properties and anticancer activity. The relationship between microscopically derived fluorescence signal of DOX and its tissue concentration follows power mathematical relationship; and the minimal effective DOX concentration in liver cancer should exceed 11 nmole/gm tissue (6.4 µg/gm tissue) *in-situ* ([@b0160]). The calibration curve conducted in the current study covers far wider range of concentration (3.4 to 440 nmole/gm tissue) and could be expanded to higher concentration by modifying fluorescent beam specifications.

In the current study, DOX concentration within the MCL of both cell lines was found higher than 11 nmole/gm tissue for more than 72 h. However, the observed killing effect (decreased MCL thickness) was very limited. This correlates with the clinical resistance of colorectal cancer to anthracycline and particularly DOX ([@b0055]). This resistance was attributed to cell membrane related molecules such as P-gp efflux pump ([@b0030]) and sub-cellular molecular events such as micro-RNA molecules (miR-137) ([@b0135]). However, killing effect of DOX against DLD-1 and HT-29 cell lines were profoundly observed at concentration less than 5 nmole/ml after treatment for 72 h. From the pharmacokinetics point of view, full distribution and saturation of DLD-1 MCL with DOX was faster than MCL of HT-29 cells. In addition, DOX was eliminated from DLD-1 MCL in a slower rate than MCL of HT-29. Yet, this might carry pharmacokinetic explanation for the higher potency of DOX against DLD-1 MCL compared to MCL of HT-29. The slow distribution of DOX within MCL's of both cell lines was confirmed by analyzing the concentration of DOX after penetrating the full MCL thickness. No DOX appeared on the other side of the MCL before 6 h. DOX reaches its maximum concentration after 48 h in HT-29 MCL and declined thereafter. This might be attributed to the excessive metabolism rather than tissue binding. On the other hand, DOX concentration on the other side of DLD-1 MCL kept increasing steadily until 96 h this might be attributed to stronger tissue binding and slow dissociation from the MCL structure of DLD-1 on the top of excessive metabolism as well. Tissue binding is critical factor for avascular drug transport within solid tumor micro-region ([@b0095], [@b0145]). Resistance of some cell lines to DOX was attributed to its metabolism into doxorubicinol *in-situ* ([@b0045]).

In conclusion, we suggested herein a method to quantify the intratumoral pharmacokinetic determinants of model drug (doxorubicin) within multicellular layers three-dimensional model of solid tumor. Intratumoral pharmacokinetic barriers might be key determinant in drug resistance on the tissue level, despite cellular and molecular levels.
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